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Abstract We introduce a new method for the investigation of low-amplitude
transverse oscillations of solar plasma non-uniformities, such as coronal loops,
individual strands in coronal arcades, jets, prominence fibrils, polar plumes,
and other contrast features, observed with imaging instruments. The method is
based on the two-dimensional dual tree complex wavelet transform (DTCWT). It
allows us to magnify transverse, in the plane-of-the-sky, quasi-periodic motions
of contrast features in image sequences. The tests performed on the artificial data
cubes imitating exponentially decaying, multi-periodic and frequency-modulated
kink oscillations of coronal loops showed the effectiveness, reliability and ro-
bustness of this technique. The algorithm was found to give linear scaling of
the magnified amplitudes with the original amplitudes provided they are suffi-
ciently small. Also, the magnification is independent of the oscillation period in a
broad range of the periods. The application of this technique to SDO/AIA EUV
data cubes of a non-flaring active region allowed for the improved detection of
low-amplitude decay-less oscillations in the majority of loops.
1. Introduction
Diagnostics of physical parameters of solar coronal plasma structures with mag-
netohydrodynamic (MHD) waves, MHD seismology of the corona, is a popu-
lar and rapidly developing research technique (see, e.g. Liu and Ofman, 2014;
Nakariakov et al., 2016, and references therein). However, application of this
method is limited by time and spatial resolution of available observational facili-
ties: often the oscillations are detected near the very threshold of the resolution.
Advanced data analysis techniques that could maximise the seismological out-
come of the available data are then intensively developed in this context (e.g.
Terradas, Oliver, and Ballester, 2004; Sych and Nakariakov, 2008; Stenborg et al.,
2011; Martens et al., 2012; Thurgood, Morton, and McLaughlin, 2014; Kolotkov
et al., 2015).
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One of the important examples of coronal oscillations detected near the thres-
hold of currently available spatial resolution is the decay-less regime of kink os-
cillations, observed for the first time by Wang et al. (2012). Nistico`, Nakariakov,
and Verwichte (2013) established that decaying and decay-less kink oscillations
could coexist in the same loop. They investigated decaying oscillations trig-
gered by an eruptive event and found decay-less oscillations with much lower
displacement amplitude and the same period, occurring before and after the
large-amplitude event. Decay-less oscillations were also observed in non-flaring
active regions (Anfinogentov, Nistico`, and Nakariakov, 2013; Nistico`, Anfino-
gentov, and Nakariakov, 2014), without any association with an eruptive event.
Further investigation (Anfinogentov, Nakariakov, and Nistico`, 2015) revealed
that low amplitude kink oscillations are present in almost any active region (19
of 21 analysed). It was found that these oscillations most probably are standing
kink waves, since the oscillation period linearly scales with the length of the
loop. The constant phase distribution of detected kink oscillations along the
oscillating loop also supports this interpretation. As decay-less kink oscillations
are a common phenomenon in the solar corona and are seismologically sensitive
to the magnetic field and plasma density, they are a promising tool for coronal
seismology. However, the average amplitude of these oscillations was found to
be about 0.2 arc-second (Anfinogentov, Nakariakov, and Nistico`, 2015), which is
smaller than the pixel size of EUV imagers traditionally used for their detection,
e.g. TRACE and SDO/AIA.
Likewise, an important parameter of another common class of kink oscilla-
tions of coronal loops, large-amplitude rapidly decaying oscillations (Aschwanden
et al., 1999; Nakariakov et al., 1999), is the decay time that gives us informa-
tion about transverse structuring of the plasma (e.g. Goossens, Andries, and
Aschwanden, 2002). More recently, the attention was attracted to the existence
of two regimes of the kink oscillation damping, exponential and Gaussian (Hood
et al., 2013; Pascoe et al., 2013). Discrimination between these two regimes can
also provide us with seismological information, provided high-precision obser-
vations are available (Pascoe et al., 2016). In addition, simultaneous detection
of several oscillation modes, e.g. different parallel harmonics, gives us impor-
tant seismological information too, e.g. allowing for the estimation of the effec-
tive stratification and the magnetic flux tube expansion (Andries, Arregui, and
Goossens, 2005; Verth and Erde´lyi, 2008; Andries et al., 2009). However, the
application of this seismological technique is limited by the low amplitudes of
higher harmonics (e.g. Verwichte et al., 2004; Van Doorsselaere, Nakariakov, and
Verwichte, 2007; Van Doorsselaere, Birtill, and Evans, 2009). Interesting seismo-
logical information can also be obtained from the variation of the oscillation
amplitude along the loop (Verth et al., 2007), but its measurement also requires
resolving low amplitude displacements.
Therefore, analysing such a low-amplitude oscillation is an important and
challenging task. In this paper we present a possible way to maximise the
outcome of this analysis — a method of the magnification of small transverse
motions in time sequences of coronal imaging data.
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1.1. Motion magnification methods
Motion magnification acts like a microscope for low amplitude motions in image
sequences, i.e. imaging data cubes or videos. It artificially amplifies small dis-
placements making them detectable by eye or some automated technique. First
approaches in motion magnification (Liu et al., 2005) were based on explicit
estimation of the velocity fields and subsequent warping individual frames to
match amplified displacements. However, the approaches based on the motion
estimation techniques were found to be computationally heavy and able to
produce artefacts.
Wu et al. (2012) developed the Eulerian video magnification technique that
eliminates the explicit computation of the velocity field. It applies spatial decom-
position to the input video sequence, followed by temporal filtering. The resulting
signal is then amplified to reveal small intensity variations. This approach not
only amplifies intensity variations but also transverse motions. However, only
small values of magnification coefficients could be achieved for transverse mo-
tions. The other drawback of this method is that the brightness noise is amplified
together with the intensity variations and, therefore, the output becomes rather
noisy.
The Eulerian video magnification technique was recently improved by Wad-
hwa et al. (2013). Their phase based method decomposes an input image se-
quence into complex steerable pyramids (Simoncelli et al., 1992; Simoncelli
and Freeman, 1995) which are a kind of a 2D wavelet-like spatial transform.
Since the individual components of such a decomposition are complex values,
one can amplify temporal phase variation keeping the initial absolute values of
the components. Such an approach amplifies only transverse motion, while the
intensity variations remain almost untouched. The main advantages of the phase
based approach in comparison with the method of Wu et al. (2012) are larger
magnification coefficients and better signal to noise ratio in the output.
In this paper, we follow the general ideas proposed by Wadhwa et al. (2013)
but use the dual tree complex wavelet transform (DTCWT) (Selesnick, Bara-
niuk, and Kingsbury, 2005) instead of complex steerable pyramids. In the acro-
nym of this method, the complex number symbol C is used to highlight its
difference from the frequently-used acronym CWT for the continuous wavelet
transform. Perfect reconstruction, good shift invariance, and computational ef-
ficiency are important features of DTCWT. In contrast to methods developed
by Wadhwa et al. (2013) and Wu et al. (2012) that are supposed to magnify
motions inside a narrow temporal frequency band, our algorithm is aimed to
amplify rather broadband motions. It allows us to address multi-modal and non-
stationary, e.g. decaying and modulated, oscillatory processes often detected in
solar plasma structures.
In Section 2, we give detailed description of our DTCWT-based motion mag-
nification algorithm. In Sections 3 and 4 we apply our method to an artificial
data set and real observations of the solar corona in extreme ultraviolet (EUV),
respectively. In Section 5 we summarise our conclusions.
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2. Algorithm description
The presented method is designed to work with SDO/AIA data, but can be
applied to any time sequence of images, i.e. an imaging data cube. It utilises
two-dimensional DTCWT (Selesnick, Baraniuk, and Kingsbury, 2005; Wareham,
Forshaw, and Roberts, 2014) that decomposes an image I into a set of complex-
valued high-pass images Hs of different scales and a low-pass residual L. The
scale level s is an integer number growing towards the largest scales. Thus, H0
contains the finest details (s = 0) of the image.
In DTWCT, wavelets are represented as filter banks. The detailed explana-
tion of the filters design used in DTCWT can be found in Kingsbury (2001).
The Python DTWCT implementation (Wareham, Forshaw, and Roberts, 2014)
provides several filters of different lengths. The length of the filter controls the
localisation of the wavelet in spatial and wave number domains and defines
a corresponding trade-off. Shorter filters provide better spatial resolution and
ability to distinguish different motions in neighbouring structures, while the
benefit of the longer filters is the weaker distortion at high magnification factors.
Since the coronal loops are very often observed apparently close to each other
or even overlapped, we have selected filters with the shortest length among all
options included in the library: Near-Symmetric 5/7 tap filters (near sym a) for
the first level of DTWCT, and Quarter Sample Shift Orthogonal (Q-shift) 10/10
tap filters (qshift a) for the other scales.
Unlike 1D wavelets, the basis of multidimensional wavelet transform is built
not only by stretching and shifting the mother function but also by rotating it.
In a 2D case, DTCWT uses six rotation angles, producing for each prescribed
scale level s six high-pass images, corresponding to different wavelet orientations.
Fig. 1 gives an example of high-pass images of different orientations, obtained
with the DTCWT decomposition of an annulus (Fig. 1, left). The scale level
s = 1 is the same for all six images. One can see that different segments of
the annulus appear in different images. Decomposition of the image into several
orientations allows us to process motions in different directions separately. In
the following, we do not focus on the orientations for the purpose of simplicity,
and notate this set of images as a single high-pass image Hs.
Let us consider two images It1 and It2 of a slowly moving object observed at
different instants of time t1 and t2. For small displacements (i.e. less than 2–3
pixels), the absolute value of DTCWT components and the low-pass residuals
remain almost the same (Ht1s ≈ Ht2s , Lt1 ≈ Lt2). The information about the
object movement is stored in the phases of high-pass images, φ(Ht1s ) and φ(H
t2
s ).
Here, φ(z) is the operation of getting the phase of a complex number z,
φ(z) = =[ln(z)]. (1)
One of the properties of DTCWT is that the phase difference ∆φ = φ(Ht2s ) −
φ(Ht1s ) depends linearly on the displacement of the object (Selesnick, Baraniuk,
and Kingsbury, 2005). Hence, we can suppress or amplify these displacements
in the data through manipulating with the phases of high-pass images.
The general algorithm of magnifying small motions in a data cube is the
following:
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Figure 1. Illustration of DTCWT components of an annulus (left panel). Right panel shows
absolute values of six high-pass images (scale level s = 1), corresponding to different wavelet
orientations.
i) We compute spatial DTCWT of all frames taken in the time interval of inter-
est. Each image It is decomposed into a low-pass image Lt and a number of
complex valued high-pass images Hts, corresponding to different spatial scale
levels s.
ii) We compute phases of each pixel of high-pass images Hts. To eliminate phase
discontinuities along the time axis, appearing due to the 2pi periodicity, we
use the following formula for the phase extraction:
Φts(x, y) =
t∑
τ=0
φ(Hτ+1s (x, y)/H
τ
s (x, y)). (2)
iii) Then we compute the phase trend Φts by smoothing the phase Φ
t
s along the
time axis by convolving it with a flattop window of the time width w on its
half height. The advantage of the flattop window is that its Fourier transform
has a main lobe with a flat top and low level side lobes, reducing the impact of
filtering on the amplitude of a filtered signal in comparison with the Gaussian
and boxcar windows.
iv) The high frequency variations of the phase are calculated by subtracting the
trend from the phase, Φts−Φts. The result is then multiplied by a magnification
factor k > 1, amplifying all movements of the time-scales less than w.
(Φout)
t
s = Φ
t
s + k(Φ
t
s − Φts). (3)
v) Unfortunately, the high-frequency noise in the phase is amplified together with
the oscillatory signal. The noise can be reduced through optional smoothing
of the output phase Φout along the time axis. The smoothing is done by
convolving the amplified phase with the flattop window of small size. To
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avoid appearance of the false oscillations the smoothing window must be
shorter than the expected oscillation period. Our code uses the smoothing
width of 2 time steps.
vi) The output high-pass images are then made by combining the original abso-
lute values and the output phase computed at the previous step,
(Hout)
t
s = |Hts| exp i(Φout)ts. (4)
vii) During the last step the output images are obtained from the modified high-
pass and original low-pass images using the inverse DTCWT.
3. Testing on artificial signals
The method has been tested on a sequence of artificial images, imitating typical
kinds of kink oscillations in a system of four loops superposed with the active
background that is slowly varying in time and in space(see Fig. 2). The images
are taken at a constant time rate. The Poisson noise was applied to the synthetic
image sequence to imitate the photon noise on CCD matrix of e.g. SDO/AIA.
Loop 1 oscillates harmonically with a constant period of 30 time frames (the
time the images are taken) and constant amplitude of 0.2 pixels in the plane-
of-the-sky. Loop 2 supports a standing kink oscillation corresponding to the
global spatial parallel harmonic, imitating a typical decay-less kink oscillation of
a coronal loop. The displacement amplitude is constant, of 0.2 pixels. The period
increases in time, reflecting the gradual increase in the loop’s major radius, at the
speed of 0.08 pixel per time frame. Loop 3 performs an exponentially decaying
standing oscillation corresponding to the global spatial parallel harmonic, with
the initial amplitude of 1 pixel, and the damping time of 40 time frames —
a typical decaying kink oscillation of a coronal loop. The oscillation of Loop 4
consists of two harmonics. The period ratio of these two harmonics is 3, imitating
the superposition of the global mode and the third spatial parallel harmonic. The
amplitude of the long period oscillation is 0.2 pixels, and of the short period is
0.1 pixels.
Recent studies of dynamical processes in the solar atmosphere (Auche`re et al.,
2014; Ireland, McAteer, and Inglis, 2015; Kolotkov, Anfinogentov, and Nakari-
akov, 2016) show that the active background (with spatial non-uniformities of
the brightness, varying in time) in EUV solar data behaves like a correlated
coloured noise, having a power-law dependence of the spectral energy upon the
frequency within broad range of periods from minutes to tens of hours. According
to this finding, we model the evolving background as 3D (two spatial coordinates
plus time) coloured noise by filtering it out from the white noise data set, by
applying a power law shaped low-pass filter in the 3D Fourier domain. Results
of such filtering visually resemble an evolving cloud, and is a suitable model for
active background slowly varying both in space and in time.
The artificial data cube was processed with the DTCWT-based motion mag-
nification algorithm, with the amplification factor k = 10. The time width of
the smoothing filter was selected to be equal to 35 frames, that is slightly longer
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Figure 2. Detection of synthetic signals by the method of the DTCWT-based motion magni-
fication. Panel (a) shows a frame with four loops superimposed with the time varying spatially
non-uniform background. Loop 1 oscillates harmonically with a constant period of 30 frames
and amplitude 0.2 px. Loop 2 oscillates with constant amplitude of 0.2 px; its major radius
increases with time, and the oscillation period increases with the increase in the loop length.
Loop 3 performs a decaying oscillation with the initial amplitude of 1 px, and the damping
time of 40 frames. Loop 4 performs a two-harmonic oscillations, with the period ratio of 3, the
amplitude of the longer period oscillation is 0.2 px, and of the shorter period is 0.1 px. The
white vertical line shows the location of the slit for time-distance maps. Panel (b) shows the
same frame as (a) but after the application of the DTCWT-based motion magnification. Panel
(c) gives the time-distance plot made along the slit shown in panel (a) for the original synthetic
data. Panel (d) shows the time-distance plot after the application of the DTCWT-based motion
magnification.
than the longest oscillation period (30 frames) in the data set. In Fig. 2 we show
snapshots of the loop system, taken in the original synthetic data cube and in
the data cube after processing according to the algorithm described in Sec. 2.
In the bottom panels of Fig. 2 we show time-distance plots made along the
vertical line passing through the tops of the loops, for both original and processed
data cubes. The figure clearly demonstrates the effectiveness and reliability of
the developed technique. Indeed, the built-in oscillations are clearly visible in
the processed data for all four kinds of the kink oscillatory patterns that are
difficult to see in the original data. Fig. 2 (c) and (d). In all the cases the sub-
resolution oscillations become evident with the naked eye after the magnification.
Moreover, the oscillations are clearly resolved even when two loops are very close
to each other (the oscillation in Loop 2 at the time about 250 frames, see panel
(d)). In the latter case we see in Loop 3 some traces of the oscillation in Loop 2,
that should be considered as an artefact of the developed method. We may also
point out some artificial diffusion of the loop cross-section in the very beginning
and end of the data series.
SOLA: paper.tex; 6 November 2016; 15:23; p. 7
Sergey Anfinogentov and Valery M. Nakariakov
3.1. Dependence on the oscillation parameters
One of the main properties of any spatial wavelet decomposition is the localisa-
tion of its components both in the spatial and wave number domains. The scale
of this localisation is prescribed by the size of the envelope of the wavelet mother
function in the spatial domain or by the length of the finite impulse response of
wavelet filters.
The spatial localisation of a wavelet component helps us to distinguish be-
tween different periodicities in the spatially neighbouring structures, because
every wavelet component “feels” only the intensity distribution in the vicinity of
its own position. Thus, a change of a certain wavelet component will modify the
reconstructed image only in the local spatial neighbourhood of that particular
component. Consequently, the spatial support of a wavelet implies a limitation
onto the maximum possible amplitude of magnified motions.
This limitation is also evident in the right panel of Fig. 1 that shows the
absolute value of the wavelet components at the scale level s = 1. Since the
magnification procedure modifies only the phase of the wavelet components,
it can not translate the segments of the annulus presented in Fig. 1 to the
areas where the absolute value of the corresponding wavelet components is weak.
Thus, if the expected output amplitude of the structure motion is too high, an
oscillating structure will be significantly distorted in the reconstructed images.
Therefore, the magnified oscillation amplitude depends linearly upon the orig-
inal one only in the low-amplitude range. To assess experimentally this range
we processed a set of artificial data with different values of the initial oscillation
amplitude. The scaling of the output amplitude with the input amplitude for the
magnification coefficients k = 3, k = 5, and k = 10 are presented in Fig. 3 (a).
The amplification factor k = 10 gives linear scaling of the magnified and
original amplitudes when the magnified amplitude is less than 25 pixels corre-
sponding to the initial amplitude of 2.5 pixels (see Fig. 3 (a)). Similar results are
obtained for k = 5, and k = 5. The magnification is saturated when the output
amplitude is as large as 27 and 33 pixels, respectively, allowing us to magnify
oscillations with the original amplitude up to 5.4 pixels for k = 5, and up to
10 pixels for k = 3. Note, that transverse oscillations with the amplitude larger
than 1–2 pixels are well seen in time-distance plots without any magnification,
and hence do not require any magnification to be analysed anyway. We recom-
mend to apply the developed technique to real data only when the magnified
oscillation amplitude is expected to be less than 10 pixels. It guaranties that the
magnification procedure is linear.
Since the transverse motions are magnified with respect to the low-frequency
trend, the actual amplification coefficient depends upon the temporal frequency
of the oscillation. Fig. 3 (b) shows the dependence of the magnified amplitude
upon the input oscillation period. The figure demonstrates that the DTCWT-
based motion magnification is period-independent in the broad range of periods
from 5–6 time frames up to the width w of the smoothing time window. The
latter is indicated in the right panel of Fig 3 with a vertical dotted line. We
recommend to set the smoothing width to be greater than the expected oscilla-
tion period, otherwise the oscillation will be magnified much less than expected.
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Figure 3. Behaviour of the DTCWT-based motion magnification depending on the oscillation
parameters. Panel (a) shows the dependence of the magnified oscillation amplitude upon the
input amplitude for the magnification factors k = 3 (), k = 5 (∗), and k = 10 (◦). Panel (b)
shows the dependence of the magnified amplitude upon the original oscillation period. The
vertical dotted line indicates the size of the smoothing time window w that was set to 30 time
frames. The solid lines in both plots indicate expected ideal dependences.
A sharp increase in the magnification coefficient at the periods of about 4–6
time frames could lead to the appearance of false oscillations at those periods,
filtered from the high-frequency noise. Thus, short-period (less than 10 time
frames) oscillations found in the magnified data could be artefacts and must be
analysed with caution.
3.2. Dependence on the loop parameters
Detection of coronal loop oscillations in EUV data is generally obstructed by
two circumstances: non-uniform background emission varying in time, and move-
ments of the neighbouring coronal loops. Indeed, both of them can potentially
lead to degradation of the motion magnification and appearance of pronounced
artefacts in the output data cube. In the following, we investigate the robust-
ness of the motion magnification with respect to the level of slowly evolving
background and distance to a neighbouring loop that oscillates with a different
period.
We built a simple model containing a straight bright structure oscillating
with a period of 30 time frames and amplitude of 0.3 pixels, superposed with an
active background. The active background was modelled in the same way as in
Section 3.
We applied our method to magnify all transverse motions by a factor of
10. Then we extracted 512 time-distance plots from the magnified data cube
and estimated the oscillation amplitude and period with the standard method
used in coronal seismology. First, we found the loop centre positions at each
instance of time by fitting a Gaussian in the transverse intensity profile. Then
the evolution of the loop centre position was fitted with a sinusoid, providing
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us with the estimation of the main oscillation period and amplitude. Thus, we
got 512 independent measurements of the oscillation period and amplitude. The
detected values were estimated as sample medians (grey circles in Fig. 4a and
4c), while the confidence intervals were defined as 5% and 95% percentiles of the
distributions.
The procedure described above was applied to the models with different signal
to background ratios (SBR). Here, SBR means the ratio between the loop profile
intensity maximum in the absence of the active background, and the standard
deviation of the active background. The time-distance plots extracted from the
original data and from the motion magnification (×10) results corresponding to
the model with SBR = 1 are presented in Fig. 4b and 4d, respectively.
Fig. 4a and 4c show that the DTCWT-based motion magnification satisfac-
torily works in the presence of active background even when the background
intensity variation amplitude is comparable to the relative intensity of the os-
cillating structure. However, higher variations of the active background lead
to higher uncertainties in the measured oscillation parameters, especially the
amplitude (see Fig. 4).
Coronal loops seen in EUV images of the Sun are often located very close to
each other or even overlap. In this sense, the ability of the motion magnification
method to resolve different periodicities in neighbouring structures is crucial for
the correct estimation of the oscillation parameters in the processed data.
To assess the performance of DTCWT-based motion magnification in the
case of neighbouring oscillating structures, we made a model of two loops sit-
uated close to each other. Both loops have a Gaussian intensity profile with
the half-width of 2 pixels, and oscillate with the amplitude of 0.2 pixels. The
magnification factor was set to ×10 giving the oscillation amplitude of two pixels
in the processed data.
The test results of the DTCWT-based motion magnification applied to the
model of two neighbouring loops are shown in Fig. 5. We considered three
different oscillation patterns:
• Two neighbouring loops oscillate with slightly different periods of 20 and
23 time frames. The time-distance maps extracted from the original and
processed data cubes are presented in panels (a), (d), and (g) of Fig. 5.
• Two loops have significantly different oscillation periods (10 and 25 time
frames). The corresponding time-distance plots are shown in panels (b),
(e), and (h)of Fig. 5.
• One of the neighbouring loops is steady and the other one oscillates with
the period of 20 frames. The motion magnification results are presented in
panels (c), (f), and (i) of Fig. 5.
We examined the performance of the DTCWT-based motion magnification
for various distances between the loops’ cross-sectional centres:
• 12 pixels. The oscillating loops are located close to each other, but neither
touch nor overlap, in both the original and magnified data (panels (a – c)
of Fig. 5).
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• 8 pixels. In the magnified data, the oscillating loops touch each other at
the maximum displacement positions (panels (d – f) of Fig. 5).
• 4 pixels. It is an extreme case when the loops apparently touch each other in
the original data and became overlapped after motion magnification (panels
(g – i) of Fig. 5).
Time-distance plots presented in Fig. 5 demonstrate that DTCWT-based
motion magnification allows for distinguishing between different periodicities in
neighbouring loops. However, there could be an artificial cross-influence between
the oscillating loops. In particular, the oscillatory displacement pattern can
slightly deflect from the original one, when the oscillating loops are sufficiently
close to be overlapped in the magnified data. One can see this effect in Fig.
5e, by comparing the extreme positions of the lower loop at the times about 30
and 50 time frames. Fortunately, this weak effect does not prevent the correct
measurement of the oscillation amplitude and period. Moreover, the oscillation
parameters can be estimated for both loops even in the extreme case when
these two structures become overlapped after the motion magnification (see
Fig. 5(g – i)).
We measured amplitudes and periods of transverse oscillations in magnified
data using the same method as in all previous tests. The measurement results
are presented in Table 1. The estimated values of the period are sufficiently
close to the parameters set in the model in all analysed cases. However, the
oscillation amplitude is slightly underestimated by about 10% which is similar
to the results of other tests presented in Fig. 3 - 5, except the overlapping case
where the measured amplitude appeared by about 5% larger than the exact
value. In the case when a steady loop is situated near the oscillating one, our
measurements show the occurrence of an artificial oscillation in the steady loop
with the same period as that of the neighbouring oscillating loop. Fortunately,
the amplitude of this false oscillation is reduced by one order of magnitude even
in the case of apparently overlapping loops. This artefact could be mitigated
by checking whether there is a similar oscillatory pattern in another segment of
the steady loop, which is situated far from the neighbouring loop, if the loop
geometry allows it.
4. Application to SDO/AIA data cubes
To test the developed method on real solar coronal data we used the SDO/AIA
171 A˚ observations (Lemen et al., 2012) of two examples of the decay-less low-
amplitude kink oscillations. The first event was previously analysed by Nistico`,
Anfinogentov, and Nakariakov (2014). It occurred in a set of coronal loops that
was observed by SDO/AIA on the south-western limb of the Sun on 21 January
2013 and was not associated with any NOAA active region. An EUV image of
the loop system is shown in Fig. 6(a). The loop system had approximately a
semi-circular shape, and consisted of many thin strands resolved with AIA. It
was existing for more than 10 hours, exhibiting low-amplitude almost decay-less
transverse oscillations of individual strands during its whole life time.
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Table 1. Parameters of the magnified oscillations, measured for two neighbouring
loops, depending on the distance between them for the cases shown in Fig. 5.
Three different kinds of models are considered: two oscillating loops with slightly
different periods, two loops with significantly different periods, and a steady loop
in the vicinity of an oscillating one. In all cases, the coefficient of magnification is
10.
Measured Exact Distance between loops
parameter value 12 px 8 px 4 px
Slightly different periods (Fig. 5-adg)
Period (top loop), frames 20 20.0±0.1 19.9±0.1 20.1±0.1
Amplitude (top loop), px 2 1.76±0.11 1.59±0.13 2.11+0.10
Period (bottom loop), frames 23 23.0±0.1 23.2±0.2 22.8±0.1
Amplitude (bottom loop), px 2 1.79±0.10 1.78±0.12 2.15±0.12
Significantly different periods (Fig. 5-beh)
Period (top loop), frames 10 10.0±0.02 10.0±0.04 10.0±0.02
Amplitude (top loop), px 2 1.75±0.10 1.60±0.14 2.09±0.10
Period (bottom loop), frames 25 25.0±0.2 25.0±0.2 25.0±0.2
Amplitude (bottom loop), px 2 1.79±0.10 1.79±0.12 2.13±0.12
Steady loop in the vicinity of an oscillating one (Fig. 5-cfi)
Period (top loop), frames 20 20.0±0.1 20.0±0.1 20.0±0.1
Amplitude (top loop), px 2 1.76±0.11 1.64±0.11 2.07±0.08
Period (bottom loop), frames - - 19.9±0.2 20.0±0.2
Amplitude (bottom loop), px 0 0.00±0.00 0.13±0.11 0.27±0.03
As the second example, we selected active region NOAA 11640 observed on
the solar disk close to the north-western limb on 05 January 2013. This active
region was previously analysed by Anfinogentov, Nakariakov, and Nistico` (2015),
and was found to exhibit decay-less low amplitude kink oscillations. In contrast
to the previous case, the emission of the loop bundle was superimposed with a
varying background coming from the moss behind the loop.
We applied the motion magnification method to both these sequences of
SDO/AIA images with spatial resolution of 0.6 arcseconds and 12 s time cadence.
The images were downloaded from the SDO data processing server1. In order to
avoid the interpolation artefacts, the data was neither rescaled nor derotated.
The average rotation period of the Sun is about 25 days at the equator giving the
linear rotation speed of 2 km/s (or 17 SDO/AIA pixels per hour for the solar disk
centre). Therefore, every object in the solar atmosphere, including coronal loops,
moves across the CCD pixels of SDO/AIA with the rate of about 3.5 minutes
per pixel (at the disk centre). Thus, interpolations used by derotation and object
tracking routines introduce periodic changes to the data. Indeed, the simplest
nearest neighbour interpolation results in appearance of “stairs”-like artificial
discontinuities, making incorrect even the traditional Fourier analysis. Bi-linear
or bi-cubic interpolation performs better and should not degrade the efficiency
of motion magnification. Nevertheless, we recommend not to use interpolation
1http://jsoc.stanford.edu
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Figure 4. Dependence of the amplitude (a) and period (c) inferred from the motion mag-
nification results, upon the relative level of the background activity level. The values of the
amplitude and period are normalized to the known parameters of the model accounting for the
magnification coefficient. The parameters were independently estimated for 512 cross-sections
extracted from the magnified data cube. The grey circles in panels (a) and (c) show median
values of the obtained parameter distributions while the errors were estimated as 5% and
95% percentiles. The right panels demonstrate the time distance plots of the original data (b)
and motion magnification results (c). The plots correspond to the standard deviation of the
background activity being equal to the intensity of the oscillating structure.
before running motion magnification to exclude possible artefacts even if they
are unlikely. Weak artificial periodicities will be magnified together with the real
oscillatory signal and can become significant.
Motion magnification results can be found in supplementary movies and are
presented in Fig. 6(b–d) for the off-limb observations, and in Fig. 7(b–d) for the
on-disk observations. As in the case of the artificial data set, the slit for the
creation of time-distance plots was put perpendicular to the loop, close to its
apex. In order to reduce noise, the slit width was set to 5 pixels, assuming that
the parallel wavelength of the oscillations is much larger. Panels (b-d) of Fig. 6
and 7 show time-distance plots extracted both from the original data (b) and
from the motion magnification results with magnification factors of 3 (c) and 9
(d).
In the original time-distance plots, the low amplitude oscillations could only
be noticed by an experienced eye knowing where and when to look at. But, even
a small motion magnification by a factor of 3 makes the oscillatory patterns
visible to everyone without difficulty. Larger magnification (×9) allows one to
investigate oscillatory profiles in detail, revealing possible amplitude evolution
and coexistence of multiple harmonics.
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Figure 5. Ability of the motion magnification to distinguish between different oscillation
periods in neighbouring loops, depending on the distance between them. Three different kinds
of models are considered: two oscillating loops with slightly different periods of 20 and 23 time
frames (panels a,d, and g), two loops with significantly different periods of 10 and 25 frames
(panels b,e, and h), and a steady loop in the vicinity of another one that oscillates with the
period of 20 frames (panels c,f,i). All loops have a Gaussian transverse profile with the half
width of 2 pixels. The oscillation amplitude is 0.2 pixels, giving the magnified (×10) amplitude
of 2 pixels. The distance between the loop centres is 12 pixels in panels (a) – (c), 8 pixels in
panels (d) – (f), and 4 pixels in panels (g) – (i).
5. Conclusion
We developed a novel method for analysing low-amplitude transverse oscillatory
motions of solar coronal plasma non-uniformities, based on the two-dimensional
dual tree complex wavelet transform DTCWT technique, the DTCWT-based
motion magnification algorithm. The method allows us to magnify quasi-periodic
transverse displacements of sub-resolution amplitude of brightness contrast struc-
tures in image sequences obtained with imaging telescopes. It makes small mo-
tions in the plane-of-the-sky to become detectable or much better visible in
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Figure 6. EUV image (a) of the analysed coronal loop system observed in 171 A˚ SDO/AIA
channel on 21 January 2013. Right panels show time-distance plots made with the use of the
original data (b) and processed with the motion magnification technique with the magnification
factors k = 3 (c) and k = 9 (d). The vertical green line in plots (b–d) indicates the instant
of time when the image (a) was taken. The artificial slit used for the time-distance plot
construction is indicated by the straight white line in panel (a). The distance is measured
along the slit, starting at its left edge.
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Figure 7. EUV image (a) of the analysed coronal loop system in active region NOAA 11640
observed in 171 A˚ SDO/AIA channel on 05 January 2013. Right panels show time-distance
plots made with the use of the original data (b) and processed with the motion magnification
technique with the magnification factors k = 3 (c) and k = 9 (d). The vertical green line in
plots (b–d) indicates the instant of time when the image (a) was taken. The artificial slit used
for the time-distance plot construction is indicated by the straight white line in panel (a). The
distance is measured along the slit, starting at its left edge.
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animations and time-distance plots. The algorithm has two parameters: the
magnification coefficient k and smoothing width w, which need to be tuned
for the best performance.
The developed algorithm has been tested on artificial data imitating differ-
ent known regimes of kink oscillations of coronal loops. It was demonstrated
that the method gives good results for both harmonic and quasi-harmonic non-
stationary oscillations, including exponentially decaying, frequency modulated
and multi-modal oscillations. It was established that the confident detection of
the oscillatory properties is possible for a broad range of the tuneable parameters
k and w, making the detection robust. The algorithm was found to give linear
scaling of the magnified amplitude with the original amplitude for a broad range
of small original amplitudes. Also, the magnification is independent of the oscil-
lation period in a broad range of the periods. The technique can produce some
artefacts in the case of poorly resolved, in the time domain, oscillations, when the
oscillation period is shorter than 5 time frames. Also, the oscillation can “leak”
to another, stationary feature in the image, situated near the oscillating one, if
they are spatially close to each other. The appearance of both these artefacts
can be controlled by the appropriate planning of the analysis.
We recommend to use the following analysis strategy to get reliable results
with the motion magnification algorithm:
• Process data cube of interest with the magnification coefficient of ×10 and
the smoothing width corresponding to the expected period of the oscillation.
• Make several time-distance plots from the magnified and original data.
• If there is a significant distortion in the magnified data in comparison to
the original one, reduce the magnification coefficient and try again.
• Examine the time-distance plots and estimate the main (longest) oscillation
period of interest.
• Set the smoothing width parameter to be slightly larger (for example, by
10 %) than the main oscillation period and process the original data again,
obtaining the final result.
The method was applied to processing of EUV observations of a non-flaring
coronal active region with SDO/AIA, and allowed for a confident detection of
low-amplitude decay-less kink oscillations.
Thus, we conclude that the developed technique provides us with an effective
and robust method for the study of low-amplitude kink oscillations of coronal
loops, prominence threads, plumes of coronal holes, and other high contrast
features. It would be especially useful for the study of the oscillation damp-
ing profiles, multi-modal oscillations, and the distribution of the oscillation
amplitude along the oscillating plasma structure. In order to obtain reason-
able results with the SDO/AIA data, we recommend to select magnification
coefficient k in the range from ×3 to ×10, keeping the magnified oscillation
amplitude below 10 pixels. The smoothing width w should be selected slightly
larger then the expected oscillation period. It is necessary to avoid considering
oscillations under-sampled in the time domain, with less than 5 measurements
per the expected period. Also, the analysis of oscillations of plasma structures
situated close to each other in the images should be performed with caution.
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The algorithm is implemented in the Python language, and is provided in the
open access online on https://github.com/Sergey-Anfinogentov/motion magnification.
The code can be transparently called from IDL, using a wrapper function pro-
vided with the code.
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